Purpose: There is evidence that the inner retina is involved in eye growth control processes and the development of myopia. We sought to investigate the response dynamics of the inner retina of adult emmetropes and myopes using the global Xash multifocal electroretinogram (mfERG) paradigm.
Introduction
While the clinical application of the multifocal electroretinogram (mfERG) for assessment of local outer retinal function has been validated in several disease processes (Hood, 2000; Kretschmann, Bock, Gockeln, & Zrenner, 2000) , there is relatively little information on extraction of response components originating from the inner retina. Studies using the conventional mfERG paradigm with the classic m-sequence stimulation have shown that the retinal mechanisms that generate the Wrst order responses are predominantly from the distal layers (i.e., the photoreceptors and bipolar cells) (Hare & Ton, 2002; Hood, 2000; Hood, Frishman, Saszik, & Viswanathan, 2002; Hood, Seiple, Holopigian, & Greenstein, 1997; Horiguchi, Suzuki, Kondo, Tanikawa, & Miyake, 1998) . Higher order responses are thought to originate from the more proximal retinal layers and primarily reXect inner retinal function (Hood, Frishman, Viswanathan, Robson, & Ahmed, 1999; Hood et al., , 2000 Horiguchi et al., 1998; Sutter & Bearse, 1998) . To isolate mfERG components from the inner retina, Sutter, Shimada, Li, and Bearse (1999) , Shimada, Li, Bearse, Sutter, and Fung (2001) , Shimada, Bearse, and Sutter (2005) developed the global Xash paradigm, which has been applied to measure the adaptive changes in the retina and to study the dynamics of inner retinal processing (Fortune, Bearse, CioY, & Johnson, 2002; Palmowski, Allgayer, Heinemann-Vernaleken, & Ruprecht, 2002; Penrose et al., 2003; Shimada et al., 2001 Shimada et al., , 2005 Sutter & Bearse, 1998; Sutter et al., 1999) .
The global Xash paradigm was developed based on an understanding of retinal processing theory (Sutter et al., 1999) . As the retina is stimulated by a sequence of stimulus events, local responses as well as interactions between consecutive stimulus events are measured. Retinal adaptation thus represents the degree to which the retinal responses are aVected by the interaction with the preceding stimulus events. Retinal adaptation eVects have been described as secondary, non-linear responses and are based on feedback mechanisms and lateral interactions at the post-receptoral level (Sutter et al., 1999) . As these adaptation responses are likely to involve multiple stages of retinal processing, it has been assumed that they originate predominantly from the inner retina (Sutter et al., 1999) .
The global Xash paradigm consists of periodic global (full screen) Xashes interleaved with the multifocal pseudorandom m-sequence stimulation, and it is thought that this stimulation mode emphasizes the adaptive mechanisms of the retina. There are two distinct features of the response using the global Xash paradigm: the direct component (DC) and the induced component (IC) (Shimada et al., 2005) . The DC is the average response to the focal stimulation while the IC represents the eVect of the preceding focal Xash on the response to the global Xash and reXects predominantly inner retinal function (Shimada et al., 2005) . The global Xash paradigm has been used to study retinal adaptation responses in patients with diabetes (Shimada et al., 2001) , hydroxycholoroquine retinopathy (Penrose et al., 2003) , age-related maculopathy (Feigl, Brown, Lovie-Kitchin, & Swann, 2005) and glaucoma (Fortune et al., 2002; Palmowski et al., 2002) . In diabetic patients, the DC response was signiWcantly reduced compared to that of age-matched control subjects (Shimada et al., 2001 ) and the IC was found to be aVected in patients with glaucoma (Palmowski et al., 2002) and hydroxycholoroquine retinopathy (Penrose et al., 2003) . The decrease in the DC response of diabetic patients has been suggested to indicate an impaired recovery or prolonged desensitization from the preceding bright Xash (Shimada et al., 2001 (Chan & Mohidin, 2003; Yoshii et al., 2002) . When retinal responses are derived using the standard mfERG protocol, second order responses are said to depend on the non-linear fast adaptive mechanisms, and presumably reXect inner retinal function (Palmowski, Sutter, Bearse, & Fung, 1997) . Chan and Mohidin (2003) found that second order responses were reduced in the paracentral region (5-25°) with increasing axial length and suggested that non-linear changes occur in myopia. This nonlinear component was also investigated using the conventional Xash ERG (extracted by using single Xash, delayed single Xash and double Xash ERG) and was found to be reduced in the posterior pole of myopic eyes (refractive error range of ¡7 to ¡11.5 D) (Yoshii et al., 2002) . The aim of the current study was to use the global Xash mfERG protocol to investigate the dynamics of inner retinal function in adult myopes.
Methods

Subjects
Twenty-four subjects (14 myopes and 10 emmetropes) aged 18 to 31 years participated in the study. Based on their refraction, subjects were divided into groups of emmetropes or myopes (a spherical equivalent myopic error of greater than 0.75 D). The mean age of emmetropes and myopes was 21.0 § 2.1 and 20.9 § 3.2 years, respectively. Subjects with the pathological form of myopia, with signs of myopic retinal degenerations (e.g., central or peripheral chorioretinal degeneration, posterior staphyloma, and Fuchs' spot), were not included in the study.
All subjects had cylindrical corrections of less than 1.00 D and had LogMAR 0.0 or better visual acuity in each eye assessed using the BaileyLovie visual acuity chart (Bailey & Lovie, 1976) . Subjects with retinal pathology, abnormal ocular media, strabismus, glaucoma or a history of current or past photosensitive epilepsy were excluded. The study was conducted in accordance with the tenets of the Declaration of Helsinki and the requirements of the Queensland University of Technology Human Research Ethics Committee. Informed consent was obtained from the subjects after explanation of the nature of the study and possible consequences of participation.
MfERG recordings
MfERG stimulation was performed with the Visual Evoked Response Imaging System (VERIS 5.1.5X with refractor/camera system, Electro-Diagnostic Imaging Inc., Redwood City, CA, USA). The refractor/camera unit was used for refractive correction and to monitor eye movements and Wxation stability during recordings. Responses were recorded monocularly from the right eye using a Dawson-Trick-Litzkow (DTL) thread electrode, which was positioned on the inferior cornea along the lid margin. The right pupil was dilated (77 mm diameter) with 0.5% tropicamide (Alcon, Australia) while the other eye was occluded. Gold-cup reference and surface electrodes were applied to the subject's temple and forehead, respectively.
The mfERG stimulus array consisted of 103 hexagons scaled with eccentricity (stretch factor D 10.46) to the central retina and collectively subtended approximately 44° horizontally and 36° vertically at the viewing distance of 40 cm. The stimulation rate was 75 Hz and the minimum interval between frames was 13.33 ms. The mfERG was measured using the global Xash paradigm modiWed from that used by Fortune et al. (2002) and Shimada et al. (2001 Shimada et al. ( , 2005 . This involves four video frames such that the base period of stimulation was four frames long (53.3 ms). The Wrst frame consisted of a pseudorandom m-sequence, and this was followed by a dark frame, a global (full screen, 200 cd/m 2 ) Xash, and a second dark frame (Fig. 1) . In the pseudorandom m-sequence frame, each hexagon was temporally modulated between black (<2 cd/m 2 ) and white (100 cd/m 2 ). The luminance of the display surrounding the hexagonal array was approximately 80 cd/m 2 . Each recording session took approximately seven minutes to complete and was divided into 16 equal segments for subject comfort (each of 27 s duration). Two complete mfERG recordings were obtained for each subject and averaged. Recording segments containing artefacts due to blinks or small eye movements were discarded and re-recorded. Retinal signals were band-pass Wltered between 10 and 300 Hz, sampled every 0.833 ms and ampliWed (100,000£ Grass ampliWer). The Wrst 80 ms epoch was analysed after two iterations of artefact removal and spatial averaging (17%) as recommended in the VERIS Science 5.1.5X Manual.
Axial length measurement
The axial length of the subject's right eye was measured using A-scan ultrasonography (AXIS-II, Quantel Medical, France). Prior to measurement, the cornea was anaesthetized with one drop of topical 0.4% benoxinate HCl (Minims, Chauvin Pharmaceuticals, Australia). Ten readings were taken to derive an average value. The standard deviation of the readings was below 0.1 mm for each subject.
Data analysis
The peak-to-peak amplitude of the DC and IC was determined (see Fig. 2 ). The DC implicit time was measured from stimulus onset to the DC response peak and the IC implicit time was measured from the presentation of the global Xash at 26.7 ms to the IC response peak (Fig. 2) . MfERG responses were grouped into Wve concentric rings according to retinal eccentricity (Fig. 3A) or into nasal and temporal hemiWelds (Fig. 3B) . The additional nasal-temporal hemiWeld analysis was undertaken due to the known nasal-temporal asymmetry in retinal responses (Fortune et al., 2002; Shimada et al., 2001 Shimada et al., , 2005 .
Statistical analysis of the data was conducted using the Statistical Packages for the Social Sciences (SPSS 12.0.1). Correlations were performed to establish if there was a relationship between mfERG amplitude or implicit time and the degree of refractive error or axial length. As there were multiple comparisons, a stepwise Bonferroni modiWcation was used to account for repeated analysis and avoid potential Type I and Type II errors (Olejnik, 1997; Rom, 1990) . The stepwise Bonferroni adjustment, based on the Hochberg step-up procedure, provides a rank order of p values where each p value is adjusted sequentially for each of the subsequent comparisons (i.e., 0.05, 0.025, 0.0169, 0.0127 etc.). The signiWcance level of the multiple comparisons are also ranked in order, from the highest to the lowest value, and then compared against the sequentially adjusted p values.
To determine if there were diVerences in mfERG responses between emmetropes and myopes, we performed repeated measures analysis of covariance (ANCOVA), with axial length as a covariate. This type of analysis was performed as there were signiWcant axial length diVerences between the emmetropes and the myopes and axial length is known to have an eVect on mfERG responses (Chan & Mohidin, 2003) . Performing an ANCOVA thus removed the variability in mfERG responses due to inherent diVerences in axial lengths of eyes of diVering size and increased the sensitivity of the F test in detecting response diVerences between emmetropes and myopes. It also takes into account the diVerence in retinal illumination due to axial length per se which may aVect mfERG responses (Chen et al., 2006) .
In this repeated measures general linear model, refractive error group (emmetropes vs myopes) was the between-subject factor; retinal location (concentric rings 1-5, or nasal/temporal hemiWelds) was the within-subject factor, and axial length was the covariate. After the eVect of axial length on mfERG responses had been accounted for and statistically removed, adjusted mfERG data were determined using Estimated Marginal Means as part of the ANCOVA analysis and are reported in the results section. A detailed description of the use and rationale of ANCOVA has been provided in our previous paper (Chen et al., 2006) .
Results
Myopes had signiWcantly greater refractive error and axial length than the age-matched emmetropic group. The average refractive errors of the emmetropes and myopes were 0.10 §0.35 D and ¡4.56 §2.17 D, respectively (t 22 D6.339, p < 0.0005), with corresponding axial lengths of 23.33 § 0.72 mm and 25.21 § 0.92mm (t 22 D¡5.158, p < 0.0005).
DC and IC responses
All subjects showed distinct DC and IC responses using the global Xash paradigm. DC and IC responses for a representative subject as a function of retinal eccentricity are shown in Fig. 4 . The mean DC response amplitude was 8.03 nV/deg 2 across the Wve concentric rings (range from ring 1 to ring 5: 11.72 to 6.64 nV/deg 2 ) while the amplitude of the IC was smaller (range from ring 1 to ring 5: 7.49 to 3.46 nV/deg 2 ). The DC implicit time averaged across the Wve concentric rings was 29.90 ms (range from ring 1 to ring 5: 32.56 to 28.48 ms) while the IC implicit time was 30.67 ms (range from ring 1 to ring 5: 33.20 to 29.06 ms) after the presentation of the global Xash. Correlation analysis revealed that DC and IC response amplitudes were signiWcantly correlated for retinal regions covered by rings 2-3 (ring 2: r D 0.648, p D 0.012, ring 3: r D 0.683, p D 0.007). Fig. 5 demonstrates the relationship between the amplitude of DC and IC responses and refractive error. The degree of variability of the DC responses of emmetropes and myopes was similar, while there appeared to be greater variability in the IC response in the myopic subjects compared to the emmetropes (Fig. 5) . When correlation analysis was performed for the myopes, there was a signiWcant relationship between the degree of myopic refractive error . DC response amplitude was positively correlated with increasing myopic refractive error for the foveal region, i.e., the greater the myopic refractive error, the greater the response amplitude. Only the trend line for the myopic group is shown. Correlations for rings 2 and 3 (Figs. 5B and C) for DC (B and C) and IC (G and H) amplitudes approached statistical signiWcance but did not reach the Bonferroni adjusted signiWcance level. Emmetropes, ; myopes, ᭜. and the DC response amplitude at the foveal region (ring 1), i.e., the greater the myopic refractive error, the greater the amplitude (Fig. 5A) . Correlations for rings 2 and 3 (Figs. 5B and C) approached statistical signiWcance but did not reach the Bonferroni adjusted signiWcance level. The lack of signiWcant correlation for rings 4 and 5 (Figs. 5C-E) may have been due to the lower amplitude density in the more peripheral rings. There was a trend of increasing IC amplitude with increasing myopic refractive error but the correlations did not reach statistical signiWcance (Figs. 5F-J); this could be due to the high inter-subject variability inherent in the IC amplitudes.
Relationship between DC and IC responses and refractive error
When the responses were grouped into nasal and temporal hemiWelds, there were signiWcant correlations between the DC and IC amplitudes and myopic refractive error (Fig. 6) . Figs. 6C and D also shows the greater variability of IC response compared to that of DC response, particularly in the myopic subjects. There were no signiWcant correlations between implicit time of the DC and IC responses and the degree of myopia, irrespective of whether the responses were grouped into nasal or temporal hemiWelds or concentric rings of retinal eccentricity.
As refractive error and axial length were strongly correlated (r D 0.841, p < 0.0005), correlation analysis was also performed to establish whether DC and IC responses had a signiWcant relationship with axial length. However, there were no signiWcant correlations when DC and IC response amplitude or implicit times were plotted against axial length.
Myopes vs emmetropes
When comparing diVerences between emmetropes and myopes, the eVect of axial length on mfERG responses was taken into account using the repeated measures analysis of covariance, with axial length as the covariate. After compensating for axial length diVerences, we found that the amplitude of the DC response in myopes across the Wve concentric rings was not signiWcantly diVerent from that of emmetropic subjects (F 1,21 D 0.249, p D 0.623; Table 1 ). The Wnding was similar when axial length was not accounted for as a covariate (F 1,21 D 0.028, p D 0.869). Table 1 shows that the greatest diVerence in the DR amplitude between emmetropes and myopes was at the foveal region (ring 1). Amplitudes of the IC response of emmetropes and myopes were also similar (F 1,21 D 0.513, p D 0.483; Table 1 ). There was greater inter-subject variability in the IC response compared to the DC response for both the emmetropes and myopes. When the nasal-temporal analysis method was used, Wndings were replicated. There were no signiWcant diVerences in DC and IC response amplitude or implicit time between emmetropes and myopes when axial length diVerences were accounted for (Table 1) . Fig. 7 shows the three-dimensional global Xash mfERG topography for both DC (epoch 0-50 ms) and IC (epoch 50-80 ms) where the scalar product response density estimate was used (Sutter & Tran, 1992) . The previously reported nasal-temporal asymmetry (Fortune et al., 2002; Shimada et al., 2001 Shimada et al., , 2005 was clearly demonstrated in the graphical Fig. 6 . Correlations between refractive error and DC and IC amplitudes, for nasal and temporal responses [DC, (A and B) ; IC, (C and D)]. DC response amplitude was correlated with increasing myopic refractive error for both the nasal and temporal quadrants. Emmetropes, ; myopes, ᭜.
representation of both the DC and IC response, with the asymmetry being more pronounced in the IC. The asymmetry was present in both the emmetropic and myopic groups.
Discussion
To the best of our knowledge this study was the Wrst to investigate inner retinal contributions in myopia using the global Xash paradigm. Consistent with previous studies ( Sutter et al., 1999) , the direct response to a focal Xash as well as the induced component, thought to result from the interaction of the focal and global Xashes, were observed using the global Xash paradigm. Shimada et al. (2005) suggested that DC is the response of the focal Xashes inXuenced to a degree by the periodically occurring global Xashes and reXects the adapted or desensitized state of the retina while the IC is thought to reXect predominantly inner retinal function. Based on this assumption, we did not Wnd any diVerences in retinal adaptation state or inner retinal function between emmetropes and myopes, even after accounting for the eVect of axial length per se and the possible changes in retinal illuminance due to axial length. Both the emmetropes and myopes exhibited a signiWcant degree of individual variability and this large intersubject variability may explain the lack of measurable diVerence between the two refractive error groups. The importance and functional signiWcance of this individual variability is not clear and while it may simply represent a normal physiological variation in retinal processing in eyes with functional, non-pathological retinae, it may also reXect an early retinal change in processing that could be of consequence; extensive future work is required to diVerentiate between these two possibilities. Further work is also required to study how the two measures of the global Xash response intercorrelate with each other. While we did not Wnd any statistically signiWcant diVerences overall, in the amplitude and implicit time of the DC and IC responses between emmetropes and myopes, there was a signiWcant relationship between the DC amplitude with the degree of myopia in the subset of myopes. This relationship between retinal adaptation state and the degree of myopic refractive error was not explained by the increase in axial length per se and may depend on a number of secondary changes associated with refractive error development, such as reduced neural sampling density (Strang, Winn, & Bradley, 1998) , retinal thinning (Beresford, Crewther, & Crewther, 1998; Kremser, Troger, Baltaci, Kralinger, & Kieselbach, 1999; Wakitani et al., 2003) , and retinal stretching (Curtin & Karlin, 1971; Hendicott & Lam, 1991; Logan, Gilmartin, Wildsoet, & Dunne, 2004) . If these anatomical changes secondary to axial elongation alter the adaptation mechanisms within the retina in a regular fashion, then our Wndings would be consistent with such changes. This could also explain the Wnding here that once an individual becomes myopic, the degree of retinal adaptation is dependent on how myopic they have become (or vice versa). Our study could be improved by having a greater number of low myopes and high myopes with refractive error (¡0.75 to ¡2 D range for low myopes; ¡7 to ¡10 D high myopes) to compensate for the signiWcant degree of intersubject variability.
Evidence of possible inner retinal involvement in the development of myopia has come from electrophysiological studies in animal models. Fujikado, Hosohata, and Omoto (1996) found that oscillatory potentials, which are thought to arise from the inner plexifom layer (Wachtmeister, 1998) , were reduced in eyes with longer axial length, and this suggests that functional changes occur in the inner layers of the deprived myopic retina. Animal studies have also identiWed several transmitters and alterations to gene expression that are thought to be involved in the regulation of eye growth (i.e., dopamine, ZENK-glucagon, Pax-6 expression, and serotonin). Many of these signals originate from the inner retina and these substances are important for amacrine cell and ganglion cell processing (Bhat, Rayner, Chau, & Ariyasu, 2004; Bitzer & SchaeVel, 2004; Morgan, 2003; Rymer & Wildsoet, 2005) .
While the retinal circuitry underlying retinal adaptation is very complex, one likely mechanism that may explain our Wnding involves dopamine, a neurotransmitter that is released by the inner retina (e.g., amacrine and interplexiform cells) (Witkovsky, 2004) . Dopamine is a global modulator of retinal function and it is thought to be the key chemical messenger for retinal luminance adaptation (Witkovsky, 2004) . If the level of dopamine is altered in human myopic subjects, we would expect this to inXuence the degree of retinal adaptation as measured using the global Xash mfERG paradigm. Indeed, dopamine levels are down-regulated in form-deprivation myopia (Megaw, Morgan, & Boelen, 1997; Stone, Laties, & Iuvone, 1989) and this reduced level of dopamine could potentially lower the inhibitory synapses of amacrine and ganglion cells, resulting in the correlation observed between the greater DC amplitude with greater myopic refractive error. As dopamine is involved in the process of retinal adaptation, it has been suggested that a reduced level of dopamine could result in the retina functioning as if it were in a dark adapted state (reviewed in Wink & Harris (2000) ). If the myopic visual system functions as if it were relatively dark adapted then the potential of the global Xash to produce a light adapted or desensitized state of the retina may be greater in myopes. However, this is only supposition on our part and the role of dopamine in retinal adaptation and other visual functions in myopic eyes needs further investigation.
Conclusions
We applied a new mfERG paradigm that emphasizes adaptation responses from the inner retinal layers in adult myopes. While we did not Wnd any diVerences between myopes and age-matched emmetropes in the global Xash mfERG response, we found that the global Xash mfERG response was signiWcantly correlated with the degree of myopic refractive error. The global Xash response appears to reXect the level of retinal luminance adaptation and may reXect the function of the dopaminergic system, a system that has been implicated in the development of myopia.
